Recently, 5d transition metal oxides (TMOs) have been attracting rising interest because the underlying physics in these systems is different from that in 3d TMOs. Compared to 3d TMOs, 5d TMOs are characterized by an enhanced single-electron bandwidth, reduced Coulomb interaction, and large spin-orbit coupling (SOC). Thus, the electronic structures of 5d TMOs should be determined by cooperation and/or competition among three energy scales, and the resulting ground states may be fundamentally different from those of 3d TMOs. Indeed, it has been shown and proposed that 5d TMOs have a variety of exotic phases, including a relativistic Mott insulator [1] [2] [3] , a correlated topological insulator [4] [5] [6] , and a quantum spin liquid [7] [8] [9] [10] [11] . These novel ground states in 5d TMOs are born from the effective total angular momentum (J eff = L eff +S) states induced by strong SOC [1, 2] , where the spin and orbital degrees of freedom are naturally entangled.
Despite the great interest in 5d TMOs, it remains unclear how and if electrons in J eff states couple with other degrees of freedom, such as phonons. Electron-phonon (e-ph) interactions in 3d TMOs have been extensively studied in a number of experiments [12] [13] [14] [15] [16] , because they dominate the low-energy physics of electrons by renormalizing the mass of charge carriers. Likewise, in the case of 5d TMOs, strong e-ph interactions have been suggested by a couple of recent experimental studies for Sr 3 Ir 2 O 7 [17, 18] , Na 2 IrO 3 [19] , and Na 3 Ir 3 O 8 [20] . Since orbitals of 5d electrons are larger than those of 3d electrons, e-ph interactions could be more important in 5d TMOs. Therefore, detailed and quantitative studies on the e-ph interaction in 5d TMOs are required not only for a deeper understanding of those systems, but also for exploring novel phenomena, including superconductivity.
Here, we present a clear signature of an orbital-dependent eph interaction in Sr 2 IrO 4 , a representative 5d TMO, by means of optical spectroscopy. This material is the most well-known relativistic Mott insulator driven by strong SOC [1, 2] . We * Email address: zax@jbnu.ac.kr † Email address: twnoh@snu.ac.kr find that the energies of d-d transitions, even up to 3 eV, show strong and systematic redshifts with increasing temperature (T ). By analyzing the peak shifts of d-d transitions, we could extract the self-energies of the electrons and holes. The T dependences of the self-energies are well explained by adopting the Fröhlich polaron model [21, 22] , indicating the existence of large e-ph interactions. Furthermore, we show that the e-ph interaction in Sr 2 IrO 4 varies depending on the orbital symmetries. Namely, J eff = 1/2 electrons and holes (3z 2 -r 2 electrons) effectively couple with 54 meV (32 meV) phonon mode, whereas J eff = 3/2 holes do not couple with any phonons. Considering the symmetries of the orbitals and phonons, we propose that in-plane and out-of-plane bending modes in the local Ir-O octahedron mainly couple with J eff = 1/2 and 3z 2 -r 2 electrons, respectively. A high-quality single crystal of Sr 2 IrO 4 was grown using a self-flux method [23] . After cleaving the sample to obtain a clean surface, we measured the near-normal reflectance of Sr 2 IrO 4 between 10 meV and 1.0 eV by using a Fouriertransform infrared spectrometer. The values of reflectance were normalized by those measured after in situ gold evaporation for compensating the effect of rough surfaces [24] . We directly obtained dielectric constants [ε(ω) = ε 1 (ω)+iε 2 (ω)] for the higher-energy region (between 0.74 and 4.0 eV) using a V-VASE ellipsometer (J. A. Woollam Co.). Then we performed the Kramers-Kronig analysis to obtain dielectric constants below 0.74 eV. The real part of the optical conductivity σ 1 (ω) = ωε 2 (ω)/4π and the energy-loss function −Im[1/ε(ω)] are calculated to examine the transverse and longitudinal optical (LO) excitations. further splits J eff = 1/2 states into upper and lower Hubbard bands (UHB and LHB), resulting in a relativistic Mott insulator [1, 2] . Therefore, we assigned the peak α (peaks β and γ ) as the
The unoccupied e g state is located above the UHB. A previous O K-edge XAS study revealed that the lowest unoccupied e g subband is more concentrated along the z direction [25] , suggesting that it is mainly composed of the 3z 2 -r 2 orbital. Thus, we assigned peak A (B) as the transition from the J eff = 1/2 LHB (J eff = 3/2) to the unoccupied 3z 2 -r 2 orbital. The black solid lines and arrows in Fig. 1 (b) schematically show the density of the states and optical transitions in Sr 2 IrO 4 , respectively. The dashed lines, which will be discussed later, indicate the T evolution of the spectral weights of the electrons and holes. Fig. 1(a) show a significant redshift with increasing T . This redshift is most pronounced in peak α, which has a narrow bandwidth. To investigate these spectral shifts more clearly, we plotted the second derivative of the spectra d 2 σ 1 (ω)/dω 2 in Fig. 1(c) . The dips in d 2 σ 1 (ω)/dω 2 , indicated by the arrows, correspond to the peaks in σ 1 (ω). For peak α, the energy difference between 25 and 400 K data is ß0.12 eV, the magnitude of which far exceeds the thermal energy scale (ß0.03 eV). For peaks β and γ , the corresponding energy difference is ß0.06 eV, which is roughly half of that of peak α. For peaks A and B, the corresponding energy differences are ß0.16 and ß0.11 eV, respectively.
All of the features of d-d transitions in
The energy shifts of the d-d transitions in σ 1 (ω) cannot be explained by the Slater mechanism, the Mott mechanism, or thermal expansion. We plotted E peak (T ), the relative peak energies from T = 25 K data, for the five d-d transitions in Figs. 2(a) and 2(b) [26] . The energies of all five peaks show qualitatively similar T dependences, implying that such spectral changes share a single origin. Coupling with magnetic ordering might be one possible origin, but these peak shifts are rather gradual in T , without any clear anomaly near the antiferromagnetic ordering temperature T N ß240 K. This suggests that the T evolution of σ 1 (ω) is not dominated by the magnetic transition. The large changes even in the high-energy region (peaks A and B) seem to be related to the Mott mechanism. However, the Mott transition should undergo a first-order structural phase transition, which is inconsistent with our observations. Previous studies [27] reported that the T dependence of the unit cell volume at temperatures between 10 and 300 K is not significant (ß0.5%), implying that the peak shifts observed here can hardly be dominated by certain thermal expansions.
Because there is no suitable reason for bare electronic structures to change with T , we propose that the energy shifts of d-d transitions originate from the T evolution of the self-energies induced by many body interactions. To obtain further insight into the origin of the peak shifts, we extracted the real part of the self-energies (T ) of the J eff = 1/2 and 3/2 electrons from E α (T ), E β (T ), and E γ (T ). Because optical transitions always generate electrons and holes in pairs, the (T )'s of both the electrons and holes contribute to the peak shifts. For peak α, we could assume that the (T )'s are the same for the electrons and holes because they occupy the same J eff = 1/2 orbitals. Therefore, E α (T )/2 plotted in Fig. 2(c) indicates the (T ) of J eff = 1/2 electrons. Interestingly, E α (T )/2 is similar to E β (T ) and E γ (T ) across a wide range of T . It should be noted that peaks β and γ generate electrons and holes in the J eff = 1/2 and J eff = 3/2 orbitals, respectively. Therefore, the similar T dependences of E α (T )/2, E β (T ), and E γ (T ) in Fig. 2 (c) suggest that the (T )'s of the J eff = 3/2 holes are nearly T independent, and only the (T )'s of the excited electrons in J eff = 1/2 UHB contribute to the redshift of peaks β and γ .
Likewise, the (T )'s of 3z 2 -r 2 electrons can be deduced either from E A (T ) or E B (T ). Because transition A generates J eff = 1/2 holes and 3z 2 
-r 2 electrons, E A (T ) is the sum of their (T ) values. Since (T ) of the
(T ) of the 3z 2 -r 2 electron should be E A (T )− E α (T )/2. In addition, (T ) of the 3z 2 -r 2 electron should be equivalent to E B (T ) because (T ) of the J eff = 3/2 holes is nearly T independent. As shown in Fig. 2(d) , the two experimental values are indeed very similar to each other, strongly supporting the validity of the peak assignments and our assumption of orbital-dependent (T )'s. In short, we succeeded in extracting the (T ) of electrons in the J eff = 1/2 [ Fig. 2(c) ] and 3z 2 -r 2 orbitals [ Fig. 2(d) ]. The T -dependent energies of the J eff = 1/2 and 3z 2 -r 2 electrons in the interacting regime are described schematically by the dashed lines in Fig. 1(b) .
The obtained (T )'s can be well explained in terms of e-ph interactions. In the Fröhlich polaron model [21, 22] , (T ) decreases the electron energy due to the coupling with a single LO phonon. The (T )'s of electrons in the optical transition will decrease accordingly by ω LO These two fits suggest a two-mode e-ph coupling. Namely, the polaron formation occurs in an orbital-dependent way. As described above, we should use distinct phonon energies for the J eff = 1/2 and 3z 2 -r 2 electrons. To clarify this point, we plotted the fitting lines with 54 meV (red thin line) and 32 meV (black thick line) phonon energies together in Fig. 2(d) . To compare the T dependences of the two lines, we used arbitrary α p values to match the T = 400 K experimental data for both lines. In Fig. 2(d) , it is clearly shown that the (T ) of the 3z 2 -r 2 electron is very different from the fitting line with 54 meV: Compared to the experimental data, the fitting line starts to decrease at a higher temperature with a steeper slope. Therefore, our results clearly show that the J eff = 1/2 electrons effectively couple with the 54 meV phonon mode while the 3z 2 -r 2 electrons couple with the 32 meV phonon mode. To identify the two phonons that couple with the J eff = 1/2 and 3z 2 -r 2 electrons, we investigated the energy-loss spectra. Figure 3(a) shows the energy-loss function of Sr 2 IrO 4 taken at T = 25 K. The sharp resonances correspond to infrared-active LO phonon modes, while the small backgrounds originate from the tail of peak α. Such an incoherent spectral weight at low energies is also expected in recent theoretic calculations [29] . Below 100 meV, there are three groups of LO phonon modes [30] [31] [32] . Three peaks below 20 meV correspond to external phonon modes (E u ), and the highest-energy peak at 89 meV [A 2u (1) ] corresponds to a stretching mode. The two peaks at 37 and 47 meV correspond to out-of-plane [A 2u (3) ] and in-plane [A 2u (2) ] bending modes, respectively. We assigned the symmetries of phonons following the description of a previous work [33] . The atomic displacements for these phonon modes are illustrated in the inset of Fig. 3(a) .
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The asymmetric line shapes of LO phonons in Fig. 3(a) indicate the existence of large e-ph interactions in Sr 2 IrO 4 . When discrete excitations, including phonons and core-level excitations, interact with some continuum, they have asymmetric Fano line shapes [34] . The solid lines in Fig. 3(a) are the fitting results using a Fano scattering cross section given by
where A, ph , E ph , and q are the scaling factor, phonon linewidth, phonon energy, and Fano parameter, respectively. The degree of asymmetry of the phonon mode is quantified by the inverse of q. (2) ] mode. In Figs. 3(b) and 3(c) , the orbital and phonon oscillations in an IrO 6 octahedron are schematically described for both cases of the A 2u (3)-(3z 2 -r 2 ) and A 2u (2)-(J eff = 1/2) polarons.
As shown in Fig. 3(b) , the electron density of the 3z 2 -r 2 orbital is concentrated along the z axis. Thus, the movement of apical oxygen is very important to determine the self-energy of 3z 2 -r 2 electrons. The inset of Fig. 3(a) shows that apical oxygen ions move opposite to Ir only in the A 2u (3) mode. Therefore, we can easily guess that 3z 2 -r 2 electrons will strongly couple with the A 2u (3) mode. This simple argument is consistent with our observations. In contrast, the wave function of J eff = 1/2 electrons has a cubic symmetry, as shown in Fig. 3(c) . Therefore, the movement of every O ion equally contributes to their self-energy. The inset of Fig. 3(a) shows that only two O ions move opposite to Ir in the A 2u (1) and A 2u (3) modes, while four O ions move opposite to Ir in the A 2u (2) mode. Thus, it is natural that J eff = 1/2 electrons mainly couple with the A 2u (2) mode. Although these symmetry-based assessments are not complete but necessitate further detailed evaluations of the e-ph coupling matrix elements, they would provide proper insights on the selectivity of the majority polarons.
In view of the results so far achieved, we propose that orbital-dependent polaron formation occurs in Sr 2 IrO 4 . Namely, J eff = 1/2 electrons and holes mainly couple with the A 2u (2) mode, while 3z 2 -r 2 electrons couple with the A 2u (3) mode [37] . For J eff = 3/2 holes, their T -independent self-energy implies that they do not seem to couple with any phonons. Because the e-ph interaction is generally facilitated by a large effective mass [21] , we think that the dispersive nature of the J eff = 3/2 orbitals might suppress the e-ph interaction. Such an orbital dependence in the e-ph interaction seems to be natural, but few reports that resolve this interaction have been presented so far [38] . In TMOs, the orbital-dependent e-ph interaction should be enhanced because electrons are strongly localized and retain atomiclike orbitals. Therefore, we believe that our results provide fundamental information about the e-ph interaction in TMOs, and can be applied to a variety of different systems.
In summary, we provided orbital-resolved information on the e-ph interaction in Sr 2 IrO 4 . The overall T dependence in the optical spectra is well explained in terms of the Fröhlich polaron model. We showed promising evidence that the e-ph interaction in Sr 2 IrO 4 varies depending on the orbital symmetries. Considering the symmetries of the orbital and phonons, we proposed plausible candidates of phonons that mainly couple with J eff = 1/2 and 3z 2 -r 2 electrons. The concept of orbital dependence in e-ph interactions will be essential for understanding the low-energy physics in various TMOs.
